Little is known about the molecular players regulating activation and progression of zygote development, establishment of asymmetry, and the plant-specific process of cell-plate formation. Here, we report the function of the ubiquitin-like modifier DiSUMO-LIKE (DSUL) for early embryo development in maize. Introducing a DSUL-RNAi construct by sperm cells affects cytokinesis generating non-separated zygotic daughter nuclei or multinucleate embryonic cells lacking cell plates. DSUL accumulates in the cytoplasm partly in granules, in the nucleus, as well as in the cell division zone. The enzymatic DSULyation cascade involves maturation and the same enzymatic machinery for activation and conjugation as was previously shown for SUMO1. Identification of DSUL targets suggests predominant roles of DSULylation in regulation of cytoplasmic RNA metabolism as well as in cell-cycle progression and cell-plate formation. A comparison of DSUL and SUMO1 localization during the cell cycle and of their substrates indicates strong functional diversification between these two SUMO family modifiers.
INTRODUCTION
Asymmetric cell divisions play key roles in development, resulting in the formation of two daughter cells with different sizes and fates. In flowering plants, asymmetric cell divisions occur, for example, during the formation of male germ cells, stomata, and lateral root founder cells in the stem cell niches and during early embryo development [1] . After fertilization, asymmetric division of the plant zygote defines apical and basal cell lineages, generating the embryo proper and suspensor, respectively [2, 3] . Our current understanding about the molecular mechanisms that regulate asymmetric cell divisions during embryogenesis is largely derived from studies using animal model systems or lower plants such as algae [4, 5] . It was shown that establishment of asymmetry depends on gradients resulting from the polar localization of mRNAs and proteins as well as from the polar accumulation and positioning of organelles, including nucleus, preprophase band, spindle apparatus, and cell plate. Whether zygote polarity in flowering plants is already established in the egg cell, as in many animal systems, or re-established after fertilization is a matter of debate [2] . Studies in Arabidopsis thaliana (Arabidopsis) have indicated that the egg cytoplasm is reorganized after fertilization in the elongating zygote: the large central vacuole is dissolved and cytoskeletal actin and tubulin patterns of the egg cell are lost and re-orientated, allowing directional cell elongation, polar nuclear migration, and division, including cell-plate formation [2, 6] . A change in zygote polarity after fertilization is less obvious in grass species, such as maize. The egg nucleus was reported to migrate toward the chalazal pole of the cell [2] . Until now, only few molecular players from plant zygotes have been identified, including transcription factors, kinases, and cell-wall components, but the mechanisms and cytological events required to establish their polarity have remained largely elusive [1, 7] .
The small ubiquitin-like modifier (SUMO) plays a major role in embryo development in animals, where it affects different cellular processes, including transcription; cell-cycle progression; nuclear architecture; and chromatin dynamics, chromosome segregation, DNA replication, and repair [8, 9] . SUMO is conjugated to lysine (K) residues of the consensus motif [ED] xK [VILFP] of target proteins, and SUMOylation modifies target protein activity and function [10] . Most target proteins contain a single SUMO moiety, but multi-as well as polySUMOylation has also been reported [11] .
Arabidopsis has eight SUMO family members. Mutations in the SUMO-ACTIVATING ENZYME 2 (SAE2) and the SUMO-CONJUGATING ENZYME 1 (SCE1) lead to early embryo arrest, indicating an essential role of SUMOylation after (legend continued on next page) fertilization [12, 13] . In contrast, maize (Zea mays) contains only three bona fide SUMO genes (SUMO1a and SUMO1b encoding the identical SUMO1 protein and SUMO2), one evolutionarily conserved SUMO variant, as well as the novel cereal-specific DiSUMO-LIKE (DSUL) [14, 15] . DSUL results from a head-to-tail fusion of two SUMO genes. DSUL protein appears to be processed close to the C terminus, generating a dimeric protein [14] similar to animal diubiquitin-like FAT10 [16] and ISG15 [17] . Before fertilization, DSUL was shown to be required for embryo sac viability and nuclei positioning. Due to lethality [14] , its role in egg cells and zygotes, which showed highest transcript levels according to semiquantitative single-cell qRT-PCR data, could not be investigated. Moreover, its function as a putative protein modifier and its relation to bona fide SUMO remained unclear. The isolation of their respective target proteins was awaited as well.
Remarkably, in mammals, the two diubiquitin-like modifiers FAT10 and ISG15 have been reported to conjugate both to cytoplasmic and nuclear proteins. FAT10 was proposed to function among others in apoptosis induction, vesicular trafficking, cell-cycle control, and cancerogenesis, whereas ISG15 acts specifically in immune responses [16] [17] [18] . Here, we report functional analysis of DSUL during asymmetric zygote division in maize. We analyze DSUL expression and intracellular distribution before and after fertilization in maize ovules and compare its subcellular localization during the cell division cycle with that of SUMO1. We also show that both proteins are conjugated through the same enzymatic machinery to their targets. Through stringent purification of DSUL and SUMO1 targets under denaturing conditions, we obtain evidence for a functional diversification between SUMOylation and DSULylation that is consistent with their different subcellular localization. In summary, this study provides important insights on the molecular mechanism regulating zygote and early embryo development in plants through a novel dimeric SUMO family modifier.
RESULTS

Expression and Localization of DSUL during Asymmetric Zygote Division
In plants, the two fertilization products, generated from the fusion of sperm cells with egg cell and central cell, develop into embryo and endosperm, respectively. The endosperm remains a syncytium until cellularization takes place, which occurs about 4 days after pollination (DAP) in maize (Figure 1A) . DSUL from maize was previously shown to be strongly expressed in the egg cell and to be essential for nuclei positioning and cell specification during female gametophyte development [14] . To understand DSUL expression and function throughout early embryo development, we revisited transgenic DSULp:EGFP reporter lines with higher resolution microscopy. Before and after fertilization, we detected DSULp:EGFP promoter activity exclusively in the egg cell, in the zygote, and in its daughter cells (Figures 1B-1D) . The EGFP reporter accumulated in young egg cells containing large vacuoles at their chalazal (apical) pole ( Figure 1B ). 24 hr after pollination (HAP), the nucleus of the zygote moved already toward its chalazal pole, and cell polarity became even more evident as cytoplasm appeared enriched in the same region, while vacuoles were localized predominately at the micropylar (basal) region (Figure 1C) . The polarized zygote divided asymmetrically, generating a relative small, cytoplasm-rich apical cell (AC) and a larger, highly vacuolated basal cell (BC) ( Figure 1D ). After the first asymmetric zygotic division, abundance of the EGFP reporter decreased and completely vanished at later embryonic stages ( Figure 1E ).
To compare DSUL expression with that of other maize SUMOs, we studied RNA sequencing (RNA-seq) transcriptomics data obtained from egg cells and zygotes at different stages [19] . Although the canonical SUMO1a (GRMZM2G053898), SUMO1b (GRMZM2G082390), and SUMO2 (GRMZM2G305196) showed average expression values in egg cells and zygotes of 888-1,004 transcripts per million (TPM), 797-938 TPM, and <320 TPM, respectively, the above-mentioned SUMO variant (GRMZM2G073404) showed values <342 TPM (data not shown). In comparison to the most strongly expressed canonical SUMO (SUMO1a) displaying relative constant levels in all cells investigated, DSUL (GRMZM2G006324) shows about 55% higher expression in egg cells and early zygotes and belongs to the 20 most strongly expressed genes in these cells (mean of 1,456 and 1,466 TPM, respectively) (Figure 1F) . Transcript levels were strongly reduced in the apical and basal cell (291 and 449 TPM, respectively) after asymmetric division. The abundance of DSUL transcript during early embryogenesis thus reflected the above described DSULp:EGFP promoter activity. These findings furthermore support the hypothesis that DSUL is most likely enriched during the first asymmetric cell division in maize.
To monitor localization of the DSUL protein, we next produced an antibody against recombinant full-length DSUL. Titration experiments using recombinant DSUL and SUMO1 modifiers indicated the specificity of the antibody as immunofluorescence signals vanished using increasing concentration of DSUL, but not with SUMO1 protein. Ovule sections showed that DSUL was present in the cytoplasm of the egg cell ( Figure 1G ), in line with its strong expression in this cell. During zygote division, DSUL was present in the cytoplasm of the zygote and around mitotic chromosomes ( Figures 1H and 1I ). Evident DSUL accumulation was observed at the cell division plane between apical and basal daughter cells during the first asymmetric zygote division ( Figure 1J ). Signal at the boundary between female gametophyte and nucellus was observed in some sections, 
DSUL Is Required for Cytokinesis and Cell-Plate Formation
The abundance of DSUL at the cell division plane suggested that it may play a role in cytokinesis and cell-plate formation. In our previous work, we had shown that DSUL is essential for female gametophyte viability [14] . Here, we used the same DSULRNAi line as male parent to avoid problems associated with embryo sac lethality. As shown in Figure S1A , DSUL is not expressed at any stage in male germline and pollen development and thus allows introduction of the ubiquitin-promoter-expressed DSUL-RNAi construct into zygotes via sperm cells. In control experiments with wild-type (WT) pollen, fertilized WT egg cells underwent several rounds of mitotic cell division within 4 DAP. All fertilized egg cells (98.8%; Table S1 ) developed into multicellular embryos that consisted of small, cytoplasm-rich cells at their apical region, forming the proembryo and large, vacuolated cells at the basal pole representing the suspensor ( Figures 1K and 1L ). In contrast, 8.3% and 13.7% of egg cells fertilized with DSUL-RNAi pollen from two independent lines were arrested during the first zygotic division(s). The resulting cells contained two non-separated nuclei ( Figures 1M-1P ) in 4 of 193 (2.1%) and 9 of 226 (4.0%) embryo sacs from plants pollinated by DSUL-RNAi lines no. 3 and no. 8, respectively (Table  S1 ). Additionally, we observed mutant embryos arrested at later stages in 12 of 193 (6.2%) from line no. 3 and 22 of 226 (9.7%) from line no. 8 pollinated ovules containing up to 10 nuclei in the apical domain lacking cell plates (Figures 1Q and 1R ; Table S1 ). All mutant embryos lacked cell plates or cell-wall material between nuclei. Such phenotypes were not observed in any of the analyzed WT embryos (n = 167). Notably, in all fertilized ovules of both DSUL-RNAi lines, maternal tissues, including integuments and nucellus tissue as well as endosperm, developed normally (n = 419). We thus conclude that DSUL function is required for nuclei separation and cell-plate formation during the first embryonic cell cycles in maize.
Asymmetric DSUL Localization during Ovular Cell Divisions
As it is technically very challenging to study the intracellular distribution of DSUL at different stages during early embryogenesis in ovule sections at the right stage and orientation, we expressed 6His-tag-fused DSUL in maize from the ubiquitin promoter (Figures S1B and S1C), which had previously been shown to be active before and after fertilization in the entire maize ovule [14] . This strategy allowed us to study DSUL localization at the subcellular level and in different cell types. From six independent transgenic lines, three lines were further studied. Ovules from 6His-DSUL plants were dissected, fixed, and stained with affinity-purified anti-DSUL antibody and DAPI. In cross-sectioned ovule tissues, DSUL signals were usually only detected in regions enriched in small dividing cells, but not in surrounding areas containing larger expanded cells (Figure 2A) . Moreover, DSUL exhibited conspicuously polar localization in a subset of dividing cells. In immature ovules, DSUL signals were predominately detected in cells surrounding the developing female gametophyte and the tips of the integuments, where active cell division takes place ( Figure 2B ). Detailed studies confirmed DSUL signals accumulating polar in the cytoplasm at one side of cells, with strongest signals at the cell periphery ( Figures 2C and 2D ). Image magnifications revealed that DSUL signals appeared in most cells as cytoplasmic granules (Figures 2C-2E) . During mitosis at anaphase, however, DSUL signals/granules became concentrated between separating chromosomes ( Figure 2F ) and during telophase, signals accumulated almost exclusively at the cell division plane and extended toward separating nuclei ( Figure 2G) . A similar accumulation pattern was also observed at the cell division plane of zygotes ( Figure 1J ). After initiation of chromosome decondensation, DSUL signals appeared as a relatively continuous thin line at the cell division plane often in close proximity to one of the two daughter nuclei ( Figure 2H ) and later disintegrated after mitotic cell division was completed. In summary, overexpression of DSUL exhibited a highly dynamic distribution pattern in ovules during cell division accumulating in granules at most stages ( Figure 2I ).
DSUL and SUMO1 Display Distinct Localization Patterns during Cell Division
We were then interested in comparing this highly dynamic distribution of DSUL during cell division to that of a bona fide SUMO protein. As the cell cycle is easier to study in root tips, we established a triple-staining immunolocalization protocol for maize root tips to examine protein localization in 6His-DSUL and wild-type plants using a DSUL-specific antibody (@DSUL) and a SUMO1-specific antibody (@SUMO1), respectively. Please note that @SUMO1 recognizes identical SUMO1a and SUMO1b proteins. Both antibodies are highly specific, as @SUMO1 was only capable to detect mono-and di-SUMO1, as well as their target proteins, and was not able to interact with DSUL as shown by western blots, mass spectroscopy, and pull-down experiments (see below). Vice versa, @DSUL was not able to detect SUMO1 (see below). @DSUL and @SUMO1 were used in combination with a microtubule-specific antibody (@b-Tubulin) and the DNA-marker DAPI. DSUL signals were detected in the cytoplasm, nucleus, and with high abundance at the cell division zone. Accumulation in small granules was observed in most cells. Notably, similar to ovule tissues, DSUL signals were specifically detected only in small cells of the root meristem ( Figure 3A , left panel). At interphase, DSUL was prominent in the cytoplasm and only weak signals were detectable in the nucleus. A number of interphase cells showed perinuclear accumulation of DSUL-containing granules ( Figures S2A-S2C ), whereas in cells with a preprophase band, DSUL signals were present at the microtubule-organizing centers around the nucleus ( Figure 3A ). During metaphase, DSUL appeared evenly distributed throughout the cells ( Figures 3A  and S2D ). As cells progressed to anaphase, DSUL was no longer detectable at condensed chromosome regions but accumulated in particles decorating the newly formed phragmoplast. DSUL signals further concentrated in the developing phragmoplast in telophase and expanded to the cortical division site, which guides the placement of new cell-wall material during the continuous assembly of microtubules for cell-plate formation and cytokinesis. At late cytokinesis, DSUL was ultimately clearly visible at the cortical division site and the cell boundaries of the cells that were separated by newly formed cell-wall material ( Figure 3A ). DSUL became undetectable after cell division was completed, indicating active degradation.
In contrast to DSUL, SUMO1 signals in wild-type root tips were present in nucleoplasm and weaker in the nucleolus of interphase nuclei in all cells examined ( Figure 3A , right panel). When cells entered mitosis, SUMO1 localized to foci on condensed chromosomes in prophase. At metaphase, SUMO1 staining appeared as dot-like signals connecting aligned chromosomes and spindle microtubules and continued to be present at kinetochore-centromere structures of segregating chromosomes during anaphase. During telophase and early cytokinesis, kinetochores gradually dispersed together with the specific foci containing SUMO1 signals. SUMO1 signals strongly increased after completion of cytokinesis and nuclei formation ( Figures  3A and S2E ). In summary, SUMO1 and DSUL displayed clearly distinct localization patterns during the entire cell cycle (Figure 3B) , suggesting modification of different target proteins and regulating distinct cellular processes. 
DSUL and SUMO1 Are Conjugated by the Same Enzymatic Machinery
Although DSUL is closely related to SUMO, it has at present not yet been determined whether DSUL can be conjugated to other proteins. Similar to SUMO, other ubiquitin-like modifiers are conjugated to target proteins through an enzymatic cascade consisting of activating (E1) and conjugating (E2) enzymes and usually E3 ligases. This is often preceded by protein maturation. Similar to SUMO, which is first cleaved at the very C terminus generating a free GG terminus [18] , we found that maturation of DSUL also takes place and a free GG-terminus is generated as shown by mass spectrometric analysis ( Figure S3 ). Cleavage after an internal GG between both SUMO-like domains does not take place. In maize, a heterodimer of SAE1/SAE2 was shown to fulfill the role of E1 during SUMOylation. A single gene encoding SAE1 and two genes encoding SAE2 were identified in maize. The SUMO-conjugating E2 family consists of seven members (SCE1a-f) in maize, and five genes were predicted to encode several types of SUMO E3 ligases [15] (Data S1).
It was previously shown that maize SUMO1 variants could be conjugated by a sequential action of the E1 heterodimer SAE1/ SAE2a and homologs of SCE1 in a recombinant Escherichia coli-based system. In contrast to SUMO1, co-expression of DSUL with components of the SUMOylation cascade did not result in accumulation of DSULyated proteins, probably due to insolubility of His-DSUL [15] . To improve solubility, we used the processed mature version of DSUL containing an aminoterminal thioredoxin (Trx) tag that was previously reported to increase solubility of proteins [20] . Three maize homologs of SCE1, SCE1b, SCE1d, and SCE1f, were previously shown to conjugate SUMO [15] . Expression analysis of maize B73 egg cells and zygotes revealed that another predicted E2 enzyme, SCE1e, is strongly expressed in these cells, showing a similar expression pattern to DSUL (Data S1). These four SCE1 homologs of SCE1b, SCE1d, SCE1e, and SCE1f were thus co-expressed in E. coli using a pDUET vector system with one vector encoding hemagglutinin (HA)-tagged SAE1 and FLAG-tagged SAE2a and the second vector carrying each Myc-tagged E2 enzyme and reaction substrates, either 6His-tagged SUMO1a or 6His-or Trx-His-S-tagged DSUL. Similar to His-DSUL, TrxHis-S-DSUL appeared to be mostly insoluble under these conditions ( Figure S4A ). To overcome insolubility problems, an ArcticExpress (DE3) host strain expressing cold-adapted chaperonins that strongly increase solubility of recombinant proteins was used and indeed resulted in a significant improvement of solubility of both 6His-and Trx-His-S-tagged DSUL ( Figure S4A ).
Co-expression of SUMO1a with the enzymatic machinery described above led to accumulation of SUMOylated proteins supporting the previous report that SCE1b, SCE1d, and SCE1f are capable to conjugate SUMO in vitro. As shown previously [15] , the most abundant conjugates were observed in SCE1f-expressing cells and the least abundant ones for SCE1d ( Figure 4A ). Our results further indicate that also the activity of SCE1e leads to SUMOylation of bacterial proteins, adding another component to the SUMO-conjugating cascade. When 6His-tagged DSUL was used as substrate, all tested SCE1 homologs were able to form conjugates between DSUL and bacterial proteins ( Figures 4B, S4B , and S4C), which could not be shown in previous studies [15] . In conclusion, our results suggest that both, SUMO1 and DSUL employ the same enzymatic machinery for activation and conjugation and thus indicate common regulation mechanisms for these two ubiquitin-like protein modifiers.
DSUL and SUMO1 Are Conjugated to Different Targets Next, we investigated whether DSUL and SUMO have identical, overlapping, or distinct targets in planta. Therefore, we employed a stringent three-step purification procedure to isolate DSUL and SUMO1 substrates from crude protein extracts prepared from 6His-DSUL and 6His-SUMO1 kernels, respectively, collected at 1 DAP containing zygotes. Strong denaturants (7 M guanidine or 8 M urea) were included in the initial extraction buffer and further buffers to avoid isolating proteins that bound non-covalently with DSULylated and SUMOylated proteins, respectively (see STAR Methods for details). Extracts prepared in an identical manner from wild-type kernels served as negative control. This strategy led to a specific enrichment of proteins from the transgenic plants, whereas eluates prepared from wild-type kernels did not contain detectable amounts of DSULylated or SUMOylated substrates, as revealed by immunoblot analyses with @DSUL or @SUMO1 antibodies, respectively ( Figure S5 ).
In contrast, free 6His-DSUL or 6His-SUMO1a as well as DSULylated or SUMOylated proteins were enriched in eluates prepared from 6His-DSUL or 6His-SUMO1a kernels, respectively ( Figures 4C and 4D ). In line with specific DSUL signals detected exclusively in egg cell and zygotes, @DSUL did not detect any protein from wild-type crude extracts or purified eluates in immunoblot assays, indicating its specificity. For DSUL, we observed a smear of presumed DSUL conjugates and the prominent appearance of three proteins with an apparent molecular mass of 50, 55, and 130 kDa, respectively ( Figures 4C and S5B ). For SUMO1, we also detected a smear of presumed SUMO1a conjugates with apparent molecular masses above 70 kDa ( Figures 4D  and S5A ). This suggested the existence of a large heterogenic number of substrates of SUMO in maize cells. By mass spectrometry, we then determined the identity of respective target proteins. Besides DSUL and SUMO1, we identified 43 putative DSUL and 43 putative SUMO1 substrates (Data S2 and S3; Tables 1 and 2 ) that, when applying a conservative Mascot score of >100, were absent in the wild-type controls. A comparison of functional categories of DSUL and SUMO1 targets revealed that most SUMO1 substrates are involved in chromatin modification and transcriptional regulation (Table 2) , whereas only four DSUL substrates are predicted transcription factors. In contrast, >50% of DSUL substrates are involved in RNA metabolism and cell-cycle regulation (Table 1) , whereas none of the SUMO1 conjugates belongs to this category. Only three proteins, an AP2-EREBP transcription factor, a PB1 domain-containing MAP3K-like serine/threonine kinase, and an IQ calmodulin-binding motif family protein, were identified as substrates of both modifiers.
Confidence that the list of SUMO1 targets include bona fide SUMOylated proteins was provided by significant enrichment of homologs of Arabidopsis and human SUMO1 substrates and by predictions that most of them are nuclear localized (Table 2 ; Data S3). From 39 SUMOylated proteins with known or predicted intracellular localizations and functions, 33 (85%) are homologs of Arabidopsis SUMOylated proteins or wellcharacterized HsSUMO substrates. These include an enrichment in histone-lysine N-methyltransferases (five proteins), histone acetyltransferases (three proteins), a histone deacetylase, two methyl-binding domain proteins, and a DNA methyltransferase, all active in chromatin modification and dynamics. Notably, the canonical SUMO pathway enzyme SIZ1 was identified as SUMO1 substrate. Three MORC family CW-type zinc finger proteins, including one with the highest Mascot score of 1,239, and an apoptotic chromatin condensation inducer in the nucleus (with a score of 401) are homologs of well-studied human SUMOylated proteins.
In contrast, most DSUL substrates are predicted cytoplasmalocalized proteins (Data S2). The largest group of 13 DSUL substrates consists of proteins with RNA-binding domains (Table 1; Data S2). These include ATP-dependent RNA helicases, (Figures 2  and 3A) . The third category consists of seven DSUL targets that are involved in signal transduction, such as three MAP3K-like serine/threonine kinases and three calcium-regulated signal transducer proteins.
Based on these results, we propose that DSUL, as SUMO, is covalently attached to target proteins in planta (DSULylation) and that the two modifiers can be distinguished not only based on their different subcellular localization but also based on the identity of their targets that suggest functional diversification of the cereal-specific DSUL modifier. 
DISCUSSION
Cell-plate formation between daughter nuclei of dividing plant cells or during cellularization processes, for example, in female gametophyte and endosperm development, depend on a complex signaling network involving nuclei separation and positioning, spindle apparatus activity, and extensive endomembrane trafficking [21] . We have previously shown that the novel ubiquitin family modifier DSUL is essential for nuclei separation/migration during the final stages of female gametophyte development [14] . Here, by delivering a DSUL-RNAi construct via the sperm cell, we reveal an additional function for DSUL after fertilization in the zygote and early embryo. Cell-plate formation, cytokinesis, and separation of daughter nuclei were defective in about 8%-14% DSUL knockdown zygotes/embryos. The low penetrance is significant considering that DSUL belongs to the most abundant transcripts in the egg cell and zygote, and due to its compactness, the sperm genome first requires decondensation before an RNAi effect will be fully effective. The observed phenotype described here not only confirmed the defect of nuclei separation reported before in mutant female gametophytes before fertilization but provides an explanation for the lack of cell formation in the embryo sac before and after fertilization due to the absence of proper cell division plates between separating cells. Moreover, together with the comparative study of SUMO1 localization and substrates, the new data suggest that monomeric SUMO and dimeric SUMO have distinct cellular functions in maize and most likely also in other organisms. In animals and plants lacking DSUL, it has been reported that SUMO localizes to the cytoplasm, nucleus, and the cell division zone [9, 22, 23] . Notably, in maize, monomeric SUMO1 protein appeared ubiquitously expressed in all cell nuclei but neither in the cytoplasm nor the plant-specific phragmoplast. This observation indicates that DSUL most likely possesses general as well as plant-specific functions and that similar roles may be fulfilled by dimeric SUMO in species lacking DSUL. In mammals, analysis of differential protein profiles also identified unexpected novel roles for the diubiquitin protein FAT10 during the cell cycle. Compared with monomeric ubiquitin and other ubiquitin-like proteins, FAT10 conjugation was overrepresented during the cell cycle, and it was shown to be required for the regulation of mitotic progression [24] . Although non-processable dimeric SUMOs have not been reported in animals, poly-SUMO chains exist in human cells [23] , and these could adapt similar roles to DSUL in these systems. The assembly of poly-SUMO chains was also postulated in Arabidopsis [25] and most likely represents a conserved mechanism. Our results revealed that DSUL is conjugated to substrate proteins via the same enzymatic machinery as SUMO1. Similar to ubiquitination, SUMO-and DSULyation are driven by an E1-E2-E3 enzymatic cascade consisting of an E1 heterodimer SAE1/SAE2a, class I (SCE1a-d) and class II (SCE1e and SCE1f; SCE1g most likely represents a pseudogene) E2 SCE1s, and possibly by several E3 ligases [15] . As class II SCE1s can be found, similar to DSUL, only in cereals, it is possible that these represent the main DSUL-conjugating enzymes. Further experiments will reveal which E3 ligases support the conjugation of DSUL and which target proteins are overlapping using DSUL in cereals and dimeric SUMO in other organisms.
Maize SUMO1 displays similar localization patterns compared with human SUMO-2/3 that were shown to localize to centromeres and condensed chromosomes. In contrast, the DSUL pattern is partly overlapping with human SUMO-1 that localizes to the mitotic spindle and spindle midzone [26] . In mammalian cells and Caenorhabditis elegans, accumulation of SUMO conjugates occurs during mitosis at the metaphase plate [27, 28] , whereas DSUL signals in maize were observed slightly later in the cell cycle accumulating in the spindle midzone and at the cortical division site. The cortical division site is thought to guide the placement of new cell-wall material during cell-plate formation for cytokinesis, but until now, the regulatory proteins remained largely unknown. Not only does the localization of DSUL suggest its possible role in regulating the cell cycle but also the potential DSULyation substrates, such as three MAP3K-like serine/threonine kinases. In tobacco, a MAP3K-like kinase NPK1 was shown to localize to the phragmoplast and to be required for transition to cytokinesis [29, 30] . Moreover, similar to the DSUL mutant phenotype, a kinase-negative mutation of NPK1 resulted in the generation of multinucleate cells with incomplete cell plates [29] . It is thus well possible that we have identified a novel mechanism of regulation of MAP3K-like kinases during the cell cycle.
In animals and fungi, SUMOylation in the nucleus regulates chromatin structure and function at multiple levels by promoting, among others, DNA and histone methylation and demethylation, the assembly of repressive complexes such as PcG bodies, activation of transcription factors, assembly of transcription complexes, and the recruitment of RNA polymerase II [22] . Maize SUMO1 substrates identified here are enriched in chromatinmodifying enzymes and strongly overlap with known SUMO substrates in Arabidopsis and humans, suggesting a strong conservation of SUMO substrates and functions between kingdoms. However, in animals, SUMOylation of cytoplasmic proteins, including RNA-binding proteins, was shown by a number of recent reports to represent a major mechanism to regulate translation and cell proliferation [31] [32] [33] . DSUL may take over these functions in [34] [35] [36] . The activity and/or stability of such cytoplasmic RNA binding proteins could be modified by DSULylation, allowing translation/repression of egg-cell-expressed mRNAs. These will represent exciting aspects for future studies. In summary, we could show that, similar to SUMO, DSUL undergoes a post-translational maturation to reveal a C-terminal diglycine motif and is conjugated to its target proteins by the same enzymatic cascade ( Figure 5 ). The potential role of DSULyation of kinases required for cytokinesis and RNA-binding proteins regulating translation could explain the arrested proembryos in DSUL-RNAi lines. The identification of cytoplasmic RNA-binding proteins as major DSUL targets not only hints toward additional functions of DSULylation, such as regulation of egg cell activation through mRNA translation, localization, and transcript stability, but additionally explains the presence of DSUL in granules, which are typical for cytoplasmic RNA-binding proteins as components of ribonucleoprotein (RNP) granules [37] . Future studies are now necessary to elucidate the functions of zygotic DSUL substrates. These will most likely provide a novel insight into the onset of embryogenesis in general and plant-specific developmental processes, including cell-plate formation.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: DSUL is cleaved at its C terminus, generating a free di-glycine motif (maturation), and then bound to the E1-activating heterodimer SAE1/SAE2a (activation), transferred to SCE1 class I or class II E2 variants, and conjugated to substrate proteins, preferentially RNA-binding proteins (RBPs), cell cycle, and division regulators. See also Figures S3, S4 , and S5 as well as Data S1, S2, and S3. 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Thomas Dresselhaus (thomas.dresselhaus@ur.de).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
The DSULp:EGFP and UBIp:DSUL-RNAi transgenic lines were previously described [14] . To generate 6His-DSUL and 6His-SUMO1a lines, the constructs UBIp:6His-DSUL:NosT and UBIp:6His-SUMO1a:NosT were introduced to hybrid embryos of maize inbred lines Hi-IIA and Hi-IIB through Agrobacterium-based transformation. Plants from three independent 6His-DSUL/6His-SUMO1a-expressing T3 lines were used for this study.
METHOD DETAILS
Plant materials and growth conditions Maize (Zea mays) inbred line B73 was used to isolate egg cells and zygotes for RNA-seq and expression analyses. A detailed description of cell isolation, library synthesis and RNA-seq analysis has been described elsewhere [19] . The DSULp:EGFP and UBIp:DSULRNAi transgenic lines were previously described [14] . Transgenic 6His-DSUL and 6His-SUMO1a lines were generated using hybrid embryos of maize inbred lines Hi-IIA and Hi-IIB. Wild-type (WT, hybrids of inbred lines A188 and H99, and hybrids of Hi-IIA and Hi-IIB) and transgenic lines were cultivated in the green house at 26 C under illumination of 24,000 lux with 16 hr light/8 hr dark cycles, and a relative air humidity of about 60%. Transgenic plants were identified by PCR-based genotyping. Primer sequences for genotyping are listed in Table S2 (below).
EGFP imaging and histological studies
Ovules of DSULp:EGFP plants [14] were manually dissected at successive developmental stages with two longitudinal sections along the silk axis. Samples were mounted in 13% mannitol (w/v) on glass slides under a coverslip and visualized on a Leica SP8 inverted confocal laser scanning microscope using 488 nm excitation with a HyD detector at 500 to 550 nm.
To observe phenotypic effects of DSUL downregulation during early embryo development, WT (hybrids of inbred lines A188 and H99) cobs were covered before ovule maturation and hand-pollinated with freshly collected pollen of UBIp:DSUL-RNAi plants [14] or WT pollen when silks reached a length of 2-3 cm outside of the cobs. Cobs were harvested two to four days after pollination (DAP). Only ovaries from the middle cob regions were manually dissected and treated using a fixing/clearing method followed by Kasten's fluorescent periodic acid-Schiff staining described [14] . Samples were mounted in methyl salicylate on glass slides under a coverslip, and analyzed on a LSM 510 META confocal laser scanning microscope (Zeiss) with 488 nm excitation and a long-pass 505 filter.
Antibody production and immunolocalization
To generate full-length SUMO1a and DSUL proteins for antibody production, SUMO1a and DSUL CDS of maize were amplified from a cDNA library of maize egg cells [39] using Phusion High-Fidelity PCR Kit (NEB) with primers 1 and 2 or 3 and 4, purified and subsequently cloned into pDONR207 by Gateway BP ClonaseII (Invitrogen) reaction. Resulting clones were verified by sequencing and subjected to Gateway LR Clonase II reaction with the destination Vector pET-53-des. Protein expression was done using E. coli Rosetta (DE3) pLysS. 6His-tagged proteins were purified with Ni-NTA columns according to the protocol of the QIAexpressionist (QIAGEN). Anti-SUMO1 (aSUMO1) and anti-DSUL antibody (aDSUL) were generated in rabbits against recombinant full-length SUMO1a and DSUL proteins, respectively, and purified by Pineda Antibody-Service (http://www.pineda-abservice.de). For immunolocalization ovules at specific developmental stages were manually dissected using a razor blade to remove integuments and surrounding nucellar tissues. Samples containing embryo sacs were fixed in 1 mL of ethanol/acetic acid (3:1, w/v) for 1.5 hr at room temperature and 4 C overnight. Fixed material was subsequently dehydrated and infiltrated with methacrylate. Polymerized probes were cut by a microtome to pieces of about 70 mm thickness. For immunostaining probes were placed on a polylysine slides. Methacrylate was removed by acetone. Rehydration was done by incubation in a 100%, 85%, 70%, 50% and 30% (v/v) ethanol series with 1x PBS (phosphatebuffered saline). In the next step, probes were incubated for 30 min in blocking solution in TBS (Tris-buffered saline) containing 1% milk powder (w/v) and 0.1% Triton X-100 (v/v). Incubation of primary antibodies (dilution: 1:60 in blocking solution) was done in a humid chamber at 4 C overnight. In the next day primary antibodies were washed away with blocking solution and replaced by the secondary antibody coupled with CY2 (Cyanine dye, dilution: 1:70). Incubation was done in the dark at room temperature for 90 min. Probes were washed several times with blocking solution and incubated with DAPI (4',6-diamidino-2-phenylindole) staining solution for 10 min. After removal of DAPI solution, slides were embedded in a 40% glycerol solution and covered with a slide. Root tissue was collected from primary roots of four days old imbibed seeds. Root tip including the elongation zone was dissected with a scalpel and transferred into precooled fixing solution (4% FAA (formalin-acetic acid-alcohol) in PBST (phosphate-buffered saline with Tween-20)). Samples were stored on ice for 1 hr. After several washing steps with MTSB (microtubule-stabilizing buffer), roots were embedded into 5% low melting agarose to fix root tips for preparation. Root samples were transferred on a lysine-coated slide and incubated for 40 min with a cell wall digesting enzyme mixture (Driselase, 4% in MTSB). After washing samples were incubated for 1 hr with a permeabilization solution [10% DMSO (dimethyl sulfoxide), 4% IGEPAL (Octylphenoxy poly(ethyleneoxy)ethanol) in MTSB] and washed again with MTSB. Samples were immediately incubated with blocking solution (4% BSA in MTSB containing 0.01% Triton) for at least half an hour. After removal of the blocking solution, samples were treated with a primary antibody solution (dilution in blocking solution: aSUMO1 1:70, aDSUL 1:50, aTubulin 1:150) and stored in a humid chamber at 4 C overnight. The next day samples were washed with blocking solution and incubated with secondary antibody solution (CY2 coupled a-rabbit 1:70) at 37 C in a humid chamber for at least 4 hr. After washing samples were incubated with DAPI for 10 min, washed with blocking solution and water, and embedded in mounting solution (50% glycerol in water).
Microscopy was performed immediately using a Leica SP8 inverted confocal laser scanning microscope. Fluorophores were excited at a wavelength of 405 nm (DAPI) and 488 nm (CY2). Fluorescence signals were detected with a HyD detector at 410-430 nm (DAPI) and 500-530 nm (CY2), respectively.
Generation of constructs and stable maize transformation
To generate the DSUL and SUMO1a constructs UBIp:6His-DSUL:NosT and UBIp:6His-SUMO1a:NosT containing each an N-terminal 6His-tag expressed under the control of the maize ubiquitin promoter, coding regions of DSUL and SUMO1a were PCR amplified with primers 5 and 6 or 5 and 7 (Table S2) , respectively, and cloned into the pBluescript SK + (Stratagene) vector within BamHI and EcoRI restriction sites. The NosTer fragment was PCR-amplified from the UBIp-NosT vector p1U (http://www. dna-cloning.com) with primers 8 and 9, and inserted into 6His-DSUL or 6His-SUMO1a containing pBluescript SK + plasmids. The resulting 6His-DSUL:NosT and 6His-SUMO1a:NosT constructs were then digested with BamHI and HindIII and subcloned into the destination vector pTF101.1 [38] . The UBI promoter from p1U was digested with restriction enzymes SacI and BamHI, and cloned into pTF101.1. All primer sequences are listed in Table S2 . Constructs were transformed into immature hybrid embryos of maize inbred lines Hi-IIA and Hi-IIB by Agrobacterium-mediated transformation according to the procedure described by [40] . Stable maize transformation was carried out at Iowa State University Plant Transformation Facility (https://www.agron.iastate.edu/ptf/).
Transgenic maize plants were validated by RT-PCR. Total RNAs were extracted from 3-week-old leaves of 6His-DSUL or 6His-SUMO1a plants. First-strand cDNA was synthesized with SuperScript III Reverse Transcriptase (Invitrogen) and oligo(dT) primers. DSUL, SUMO1a, 6His-SUMO1a and GAPDH were amplified for 35 (DSUL, SUMO1a and 6His-SUMO1a) and 25 (GAPDH) cycles, respectively, with primers listed in Table S2 .
Generation of constructs and reconstruction of DSULylation cascade in E. coli For reconstruction of SUMO-and DSULylation cascades in Escherichia coli, pRSFDuet-1 and pACYCDuet-1 vectors (Novagen) were used. Constructs containing HA-SAE1/SAE2a-Flag, SCE1b-Myc/6His-SUMO1a-GG, SCE1b-Myc/6His-DSUL-GG, SCE1d-Myc/ 6His-SUMO1a-GG, SCE1d-Myc/6His-DSUL-GG and SCE1f-Myc/6His-SUMO1a-GG were generated by Robert C. Augustine and Richard D. Vierstra [15] and kindly shared. To generate SCE1e-Myc/6His-SUMO1a-GG and SCE1e-Myc/6His-DSUL-GG, the coding sequence of SCE1e was amplified from cDNA of maize B73 egg cells using primers 18 and 19. A second amplification reaction in which the Myc-tag was added was conducted using primers 18 and 20. The insert was cloned into His-SUMO1a-GG-and His-DSUL-GG-containing plasmids using NdeI and XhoI restriction sites.
To generate Trx-His-S-DSUL-GG-containing constructs, DSUL-GG was amplified from an entry vector using primers 21 and 22, and cloned into pET32b (Novagen) between KpnI and HindIII sites. A new NcoI restriction site was introduced upstream of the Trx-tag in a mutagenic PCR using primers 23 and 24. 6His-SUMO1a-GG was cut out from SCE1b-, SCE1d-, SCE1e-and SCE1f-containing constructs using NcoI and HindIII sites and replaced with Trx-His-S-DSUL-GG. All primer sequences are listed in Table S2 .
For reconstitution of SUMO-and DSULylation pathways in E. coli, a modified protocol of [15] was used. Various combinations of pDUET plasmids were introduced into BL21 (DE3) or ArcticExpress (DE3) (Agilent Technologies) cells, which were induced for expression by addition of 0.5 or 1 mM isopropyl b-D-1-thiogalactopyranoside after reaching optical density at 600 nm of 0.5 to 0.6. Cells were collected after either 8 hr of growth at 30 C, or 20 hr of growth at 15 C or 12 C. Cell pellets were subsequently resuspended in SDS-PAGE sample buffer, heated to 95 C for 5 min and used directly for immunoblot analyses.
Purification of DSUL and SUMO1 target proteins
To identify DSUL and SUMO1 substrates the tandem affinity purification procedure [25] was modified as follows: 50 g frozen kernels (1DAP) were pulverized and extracted at 55 C for 30 min with 100 mL Extraction Buffer EB [100 mM Na 2 HPO 4 , 10 mM Tris-HCl (pH 7.5), 300 mM NaCl, 10 mM Iodoacetamide (IAA)] containing 7 M guanidine-HCl, 10 mM sodium metabisulfite, 1 mM NEM, 1 mM MG132 and 1x Protease Inhibitor Cocktail (cOmplete, EDTA-free; Sigma-Aldrich). Crude extracts were clarified by centrifugation at 15,000 xg and filtered, prepared with imidazole (10 mM), and incubated with 5 mL Co 2+ Talon resin (Clontech) at 4 C for 6 hr with rotation. Beads were washed with EB containing 6 M guanidine-HCl and 0.25% Triton X-100, followed by a washing step using EB containing 8 M urea. Proteins were eluted with 6 M urea, 100 mM Na 2 HPO 4 , 10 mM Tris-HCl (pH 7.5), 300 mM imidazole and 10 mM IAA, and concentrated to about 700 mL by ultrafiltration (Vivaspin500 10,000 MWCO PES; Sartorius). Concentrates were diluted 25-fold in RIPA buffer (1% NP40, 0.5% Na-deoxycholate, 0.1% SDS, 10 mM Tris-HCl (pH 7.0), 50 mM Na 2 HPO 4 , 100 mM NaCl, 10 mM IAA) and incubated with rotation at 4 C with aDSUL/aSUMO1 IgG beads for 10 hr. Beads were washed with RIPA buffer followed by buffer containing 50 mM Na 2 HPO 4 , 100 mM NaCl and 10 mM Tris-HCl (pH 7.4). Protein was sequentially eluted at 65 C with 1% SDS and 10 mM IAA followed by 8 M urea, 100 mM Na 2 HPO 4 , 10 mM Tris-HCl (pH 7.5), 300 mM NaCl and 10 mM IAA. The first eluate was concentrated to about 300 mL by ultrafiltration (Vivaspin6 5,000 MWCO PES; Sartorius), pooled with the second eluate and imidazole was added to a concentration of 10 mM. The eluate was incubated with 0.3 mL Co 2+ Talon resin for 5 hr at 4 C. Beads were washed with EB containing 8 M urea. DSUL/SUMO1 conjugates were eluted with 6 M urea, 100 mM Na 2 HPO 4 , 10 mM Tris-HCl (pH 7.5), 300 mM imidazole and 10 mM IAA and concentrated to about 100 mL by ultrafiltration (Vivaspin500).
Mass spectrometry and data analysis
For protein identification Coomassie-stained SDS-gels were rinsed with distilled water for several hours. Protein bands were cut out using a scalpel and transferred into clean microtubes (Eppendorf). To remove substances interfering with trypsin digestion and/or mass spectrometry, gel pieces were washed sequentially with 50 mM NH 4 HCO 3 , 50 mM NH 4 HCO 3 /acetonitrile (3/1), 25% acetonitrile, and 50% acetonitrile for 30 min, respectively. After drying by lyophilisation for 1 hr, proteins were digested by 2 mg trypsin (Trypsin Gold, MS grade; Promega) / 100 mL gel volume in 50 mM NH 4 HCO 3 overnight at 37 C. Peptides were eluted by two extractions with 100 mM NH 4 HCO 3 , followed by one extraction with 50 mM NH 4 HCO 3 in 50% acetonitrile. Combined extracts were lyophilized, resuspended in 50 mL H 2 O and lyophilized again to reliably remove any residual NH 4 HCO 3 , which might interfere with the following procedures.
Digested peptides were separated on a Ultimate 3000 RSLC nano HPLC System (Dionex) by reversed phase chromatography using an Acclaim Pepmap 100 C18 nano column (15 cm long, 5mm in diameter, flow rate 300nl/min; Thermo Scientific), with a binary buffer system consisting of 0.1% formic acid (eluent A) and 80% acetonitril in 0.1% formic acid (eluent B). Peptides were separated by a linear gradient from 10% to 60% with eluent B within 80 min. The LC-System was coupled to a MaXisPlusUHR-Q TOF-system (Bruker Daltonik) via a Captive Spray nano-ESI source (Bruker Daltonik). The mass spectrometer was operated in the data dependent mode with MS and MS/MS scans acquired at a resolution of about 60,000. The scan rate for MS spectra was 2 Hz. Samples were measured in the auto MS/MS mode with a mass range of m/z 100-2,000 and a cycle time of 3 s. Depending on their intensity, up to ten most abundant ions were subjected to MS/MS analysis by fragmentation by collisional dissociation.
Raw data collected during nano LC-MS/MS analyses were processed and converted into mgf-files with DataAnalysis 4.0 (Bruker Daltonics). Protein identification files were launched to the search engine Mascot (v2.3.02; Matrix Science) using the ProteinScape 3.0 software. Data were searched against the Gramene database (http://www.gramene.org). Search parameters included enzyme semitrypsin; deamidation (N, Q), methionine oxidation and propionamide (C) as variable modifications; one missed cleavage and a significance threshold of 0.05. Peptide and MS/MS mass tolerance were 5.0 ppm and 0.04 Da, respectively. The minimum peptide Mowse score was 20. The criterion for reliable protein identification was a minimum of two peptides with a score > 20. Since immune-precipitated SUMO1/DSUL interaction partners were separated in one lane of an SDS gel, data base searches for peptides from individual bands cut out along the lane were merged using ProteinScape. This program was also used to discriminate between proteins present in the samples and the corresponding control immune-precipitations. Proteins found also in the controls were deleted from the lists. Functional categories were manually assigned after extensive literature and database searches including UniProt, Pham and PANTHER.
QUANTIFICATION AND STATISTICAL ANALYSIS
DSUL and SUMO1a transcript levels in maize gametes and zygotes are shown as TPM (Transcripts Per Million) values (means ± SD) of three biological replicates. For DSUL-RNAi embryo development analysis, two independent transgenic lines were used for this study. Numbers of sectioned and SCLM-scanned fertilized embryo sacs (ES) per line are given in the table. For EGFP imaging and immunolocalization study, all experiments were carried out at least three times using independent biological samples with similar results being observed.
